The mouse reference is one of the most widely used and accurately assembled mammalian genomes, and is the foundation for a wide range of bioinformatics and genetics tools. However, it represents the genomic organization of a single inbred mouse strain. Recently, inexpensive and fast genome sequencing has enabled the assembly of other common mouse strains at a quality approaching that of the reference. However, using these alternative assemblies in standard genomics analysis pipelines presents significant challenges. It has been suggested that a pangenome reference assembly, which incorporates multiple genomes into a single representation, are the path forward, but there are few standards for, or instances of practical pangenome representations suitable for large eukaryotic genomes. We present a pragmatic graph-based pangenome representation as a genomic resource for the widely-used recombinantinbred mouse genetic reference population known as the Collaborative Cross (CC) and its eight founder genomes. Our pangenome representation leverages existing standards for genomic sequence representations with backward-compatible extensions to describe graph topology and
The mouse reference is one of the most widely used and accurately assembled mammalian genomes, and is the foundation for a wide range of bioinformatics and genetics tools. However, it represents the genomic organization of a single inbred mouse strain. Recently, inexpensive and fast genome sequencing has enabled the assembly of other common mouse strains at a quality approaching that of the reference. However, using these alternative assemblies in standard genomics analysis pipelines presents significant challenges. It has been suggested that a pangenome reference assembly, which incorporates multiple genomes into a single representation, are the path forward, but there are few standards for, or instances of practical pangenome representations suitable for large eukaryotic genomes. We present a pragmatic graph-based pangenome representation as a genomic resource for the widely-used recombinantinbred mouse genetic reference population known as the Collaborative Cross (CC) and its eight founder genomes. Our pangenome representation leverages existing standards for genomic sequence representations with backward-compatible extensions to describe graph topology and genome-specific annotations along paths. It packs 83 mouse genomes (8 founders + 75 CC strains) into a single graph representation that captures important notions relating genomes such as identity-by-descent and highly variable genomic regions. The introduction of special anchor nodes with sequence content provides a valid coordinate framework that divides large eukaryotic genomes into homologous segments and addresses most of the graph-based position reference issues. Parallel edges between anchors place variants within a context that facilitates orthogonal genome comparison and visualization. Furthermore, our graph structure allows annotations to be placed in multiple genomic contexts and simplifies their maintenance as the assembly improves.
The CC reference pangenome provides an open framework for new tool chain development and analysis. Reference genome assemblies are the foundation of most bioinformatics pipelines. They provide coordinate frames and serve as the substrate for discovery and annotation. Genome assemblies enable downstream computational analyses including searching, mapping, and comparison.
Reference genomes are also a critical resource for genotyping and assay design. Most existing reference assemblies model either a single representative, a population consensus, a minimal "conserved" genome, or a "maximal" genome that attempts to capture all known variants (Computational Pan-Genomics 2018) . While high quality reference assemblies are available, it is well recognized that using a single reference assembly to represent a population comes with limitations since reference genome have gaps, mis-assigned regions, and do not capture all of the genetic diversity within a species (Church et al. 2011; Church et al. 2015; Computational PanGenomics 2018) . The reliance on a single reference assembly leads to issues such as poor characterization or loss of genomic regions with complex and variable structural diversity (Dilthey et al. 2015) or allele-specific function (Stevenson et al. 2013) . Moreover, in the face of the growing numbers of available genome assemblies enabled by modern high-throughput sequencing technologies development, bioinformaticians are confronted with a choice of either selecting one from multiple assembly choices or performing multiple analyses and somehow merging their results.
Pangenomes have been suggested as the next logical step for representing reference genome assemblies (Church et al. 2015; Paten et al. 2017; Computational Pan-Genomics 2018) . A pangenome is defined as a collection of genomic sequences that are analyzed and represented together as a reference to achieve completeness, stability, comprehensiveness, and efficiency (Computational Pan-Genomics 2018) . Most reference pangenomes are represented by graphs in which alternate paths either model genomic variants or differences in genome organization.
Here, we will distinguish a reference pangenome as being population specific (Li et al. 2010) , in contrast to either an inter-species phylogenetic pangenome that represents an evolutionary history of presently diverged clades (Tettelin et al. 2005; Tettelin et al. 2008) , or a mutagenic pangenome that represents somatic DNA variations within a single organism such as those proposed for cancer study (Zheng et al. 2016) . Moreover, we refer to traditional single sequence reference assemblies as linear reference genomes. Reference pangenomes are already available for viral and prokaryotic strains and populations (Tettelin et al. 2005; Hogg et al. 2007; Lefebure and Stanhope 2007; Jacobsen et al. 2011; Zhou et al. 2018 ), but are less common for eukaryotes (Li et al. 2010; Hu et al. 2017; Peter et al. 2018; Tian et al. 2018; McCarthy and Fitzpatrick 2019) . Common pangenome representations includes multiple sequence alignments, kmer-based, or graphs. Common objectives of pangenome representations include minimizing redundancy (Marcus et al. 2014; Baier et al. 2015) , estimating genome size (Lapierre and Gogarten 2009) , supporting the addition of new genomes (Paten et al. 2017) , and establishing coordinates for annotations (Herbig et al. 2012; Rand et al. 2017; Gartner et al. 2018) . A comprehensive reference pangenome that is compatible with the downstream tool chains is also a pressing need for future genomic study.
We present a pangenome resource for a multi-parental population of widely studied mouse strains. The Collaborative Cross (CC) is a large panel of recombinant-inbred strains derived from a genetically diverse set of eight laboratory mouse strains designed specifically for complex-trait analysis (Churchill et al. 2004 ). The genome of each CC strain sample can be regarded as a mosaic of its eight founder genomes ( Figure S1 ). The CC are popular genetic reference populations due to a huge expansion of phenotypic variation observed for most traits measured using them (Aylor et al. 2011; Philip et al. 2011; Bottomly et al. 2012; Kelada et al. 2012; Leist et al. 2016; Manet et al. 2019) . This has motivated the creation of new CC-related genomic resources (Srivastava et al. 2017; Shorter et al. 2019 ) and analysis tools (Holt et al. 2013; Huang et al. 2014 ) to aid in sorting out the underlying phenotypic correlates to the genetic sources of variation. In the summer of 2017 the sequence data from 69 CC mouse strains were published, from a single male from each available line with 20×-30× genome coverage (Srivastava et al. 2017 ). In early 2019, sequence data from six additional CC strains were published (Shorter et al. 2019) . Meanwhile in the fall of 2018, classical "linear" genome assemblies were released for sixteen common laboratory mouse strains, which included seven of the eight CC founders (Lilue et al. 2018) . The eighth strain, C57BL6/J, was already the basis for the widely used Mus musculus reference genome (GRCm38) (Mouse Genome Sequencing et al. 2002; Church et al. 2009 ).
The release of the CC strains has precipitated a need for various "-omics" analysis pipelines that depend on a reference genome. These analyses are complicated by biases introduced by having the reference assembly based on one of the CC population's founders, C57BL6/J. Moreover, there are many genomic features found in other mouse strains that are absent from the standard mouse reference (Lilue et al. 2018; Mulligan et al. 2019) . Since each CC line is a unique mosaic of its eight founders, some of these limitations might be overcome by somehow performing a joint analysis (Holt et al. 2013; Huang et al. 2014; Munger et al. 2014 ) using the separate genome reference assemblies, like those from Lilue et al (Lilue et al. 2018) . However, doing so is not a simple matter. Alternatively, one could move toward a consensus genome assembly that treats founders and CC lines more uniformly, or else develop separate assemblies for each CC strain, and then compare analogous genomic regions downstream (Holt et al. 2013) . Our efforts to create a CC reference pangenome, resulting from both a dire need and a serendipitous convergence of resources, in an attempt to support both traditional and new genetics and genomics analysis tools.
Here, we present a first draft of the CCGG pangenome resource. This version was constructed by merging the standard mouse reference with de novo assemblies of the 7 founder genomes (Lilue et al. 2018 ) guided by the short-read sequence data from CC-line samples (Srivastava et al. 2017; Shorter et al. 2019 founder assemblies. Anchor nodes provide a coordinate framework that allows annotations to be placed in a common genomic context that is easier to maintain as the assemblies are improved.
By introducing anchors in a graph-based reference genome as a sequence-based coordinate framework, we address important issues (monotonicity, backward-compatibility, and spatiality) necessary for relating a graph-based model to traditional reference assemblies (Rand et al. 2017; Computational Pan-Genomics 2018) . The graphical structure of the CCGG with annotation provides a more comprehensive picture of the genome structure surrounding biological features, which are easy to traverse for searching, annotating, comparing and visualizing genomic features. The integration of CC sequencing data in CCGG also exposes recombination cold and hotspots and annotates potentially novel gene structures created by recombination in CC strains.
The CCGG serves as a practical reference genome assembly and establishes a foundation for the development of pan-genomic tools for genomic comparison, sequence alignment, and genetic association mappings.
The sequence content of the CCGG is derived from the de novo genome assemblies from (Lilue et al. 2018 ) and the standard mouse reference assembly (Mouse Genome Sequencing et al. 2002; Church et al. 2009 ). We refer to these eight genome assemblies as founder sequences. The sequencing data of CC samples from (Srivastava et al. 2017 ) and (Shorter et al. 2019 ) were used to select anchors and label edges in the graph. Since each CC genome is a mosaic of the 8 founder genomes, we annotate paths in CCGG to provide putative genomic sequences for each CC strain based on genotype probability files inferred from previous sequencing data (Srivastava et al. 2017; Shorter et al. 2019) . All the paths are constrained to pass through conserved anchor sequences that appear in every sequenced CC sample. Furthermore, many genomic features of the reference assembly, including genes, exons, and interspersed repeats, are annotated on the anchors and edges of the CCGG's C57BL/6J path. We also performed pairwise alignments between each parallel edge (variant subsequences) and the reference sequence and recorded these alignments annotated as CIGAR strings on each edge. The CCGG is represented as a standard Anchors normalize the various linear genome assemblies. The uniqueness of anchor sequences establishes a one-to-one mapping between multiple genomes and partition genome sequences into homologous regions. Anchors delineate specific genomic regions supporting local sequence updates. When a new genome assembly is released, only anchor nodes need to be remapped and the intervening sequences compared and potentially updated. If a new genome assembly is incorporated into the CCGG, some anchor nodes might be demoted to an edge connected to two floating nodes, since they are no longer conserved in all genomes. The incoming and outgoing edges of the demoted anchor nodes are then reconnected to the two floating nodes ( Figure S2 ).
The new edge inherits the annotations of the primary anchor node with their "strain" attributes updated by incorporating the new genome notation. The choice of anchor nodes is population dependent. We estimate the possible number of anchor sequences, as determined by sequentially incorporating CC samples, fits an exponentially decaying function that converges to a non-zero asymptote (details provided in supplementary data). Extrapolation of the curve suggests that the core conserved genome is approximately 27% of the total reference genome length (95% confidence interval = 27.67% -28.16%) and should remain relatively constant for this set of founders.
Both anchor and edge sequences allow annotations. Anchors partition genomes into homologous regions while edges lie between anchor pairs and represent a haplotype. Each edge is annotated according to the one or more genomes upon which it lays. We consider two or more paths that share common source and destination nodes as parallel. This notion of parallel extends to subgraphs separated by any pair of anchor nodes as illustrated in Figure 1 . Parallel sequences represents haplotypes of a homologous region and contain all variants, which serve as an alternative variant representation to the VCF files used for traditional linear genomes.
Every genomic contig is a path beginning and terminating at special nodes named Source and Sink respectively. Through traversing the graph, one can recover exactly the 8 founder linear genome assemblies from the CCGG as well as construct putative genome of each CC sample (a command-line interface is provided for extracting full genomes). Where a CC sample is homozygous there is a single path in the graph. In regions with residual heterozygousity the graph bifurcates (in the strain annotations, for example as "001a" and "001b") and eventually
rejoins. There are a total of 2091 contigs lying between "source" and "sink" nodes. These include the assemblies for each chromosome of the 8 founder strains and homozygous/heterozygous contigs of each CC strain. The subgraphs between anchor pairs can be extracted from the CCGG by traversing and constructing all paths between the bounding anchors surrounding a specified region (i.e a gene). This provides an effective method for comparing and visualizing the genome structure to identify conserved and highly variable genomic regions. Furthermore, one can traverse a CC path in the CCGG to identify recombination events.
The CCGG pangenome is serialized as one or more standard FASTA files (Figure 1) Figure 2A , we plot the distribution of anchors over the entire genome. On average in autosomes about 10,000 anchors fall within a 2Mb bin, giving an average of 200 bp between adjacent anchor pairs. Figure 2B illustrates the distribution of the gap spacing between adjacent anchors on autosomes. We found out that 94% of the anchors are separated by fewer than 1000 bp and 50% are separated by less than 180 bp. Anchors are less dense on chromosome X as shown in the figure. We attribute this to two factors. First, there is less unique sequence on X, and, second,
Anchor sequences tend to have fewer supporting reads since the sequenced samples are hemizygous (males), and, thus, effectively having half the coverage of autosomes. In comparison, the gap lengths on chromosome X is relatively longer than on autosomes.
Figure 2. CCGG Properties A)
The number of anchors per 2Mb region plotted on log 10 scale.
B) The cumulative distribution of adjacent anchor distances. The blue curve denotes the anchor separations in autosomes (chromosome 1-19), while the green curve denotes the anchor separations on chromosome X. Half of the intervals between two anchors in autosomes are within 180 bp but on chromosome X the distance is over 1000 bp. 94% of the anchors are separated by less than 1000 bp on autosomes, and 3700bp on chromosome X. C) The distribution of the number of separate paths between adjacent anchor nodes (chromosomes 1-19 and X) has a mode 2, which suggests many shared haplotypes exist in the CCGG. D) Difference in Path Lengths for short anchor gaps (ref length <1000bp) as compared to the standard mouse reference. For short gaps, the density is concentrated along the diagonal showing that reference and alternative paths are usually with similar length. E) For long gaps, the density is more dispersed suggesting insertions and deletions are more common in long gaps. The dense cluster below the diagonal shown in this figure for reference paths over 6000 bp suggests an excess of deletion events in alternative paths. Figure 2C . The predominant number of paths between adjacent anchors is two (30.03%), suggesting that a large fraction of homologous regions are composed of only two haplotypes. However, there are a significant fraction of adjacent anchors with 3 (22.80%) or 4 (12.37%) parallel paths, and fewer with 5, 6, or 7, suggesting sequence variable regions exist.
There is a notable increase in the number adjacent anchors with 8 parallel paths. Since long sequences tends to incorporate more variants, this increase could result from the correlation between sequence length and variants number. As shown in Figure S7 , most of these 8 parallel paths appear between long gaps (80%, 229094 out of 286378 edges), but a significant fraction of these highly variant genomic regions fall between relatively short anchor gaps, suggesting high variable regions exist in the mouse genome. As shown in Figure 2D and E, most parallel edges are similar in length to the reference assembly, which suggests most common variants are either Figure 3A . We also compare the number of matches and alternative path lengths in Figure 3B .
As expected, the density of path-sequences is centered along the diagonal, indicating that there is significant sharing among alternative and reference paths. The lengths of reference and alternative paths is also similar as shown in Figure 2E , indicating large insertions or deletions are rare. Overall, these results suggest that, for short gaps less than 1000 bp, the alternative paths are dominated by SNPs or small indels.
While anchor pairs separated by long gaps (more than 1000bp) in the standard mouse reference assembly comprise less than 5% of anchor intervals, they generally imply more sequence complexity. Possible reasons for these long gaps include genome assembly problems and large structural variants. For example, unresolved bases (Ns) are overrepresented in long edges. A 2D-histogram of the edge length (less than 2000 bps) versus the number of Ns in the edge's sequence is shown in Figure 3C . longer than 1000 bp, while more than 90% of the total gaps are less than 1000 bp in the whole genome ( Figure 2B ). Thus, the reported CNVs are overrepresented in the long gap regions. We found that the alternate path lengths in long gaps varies more than in short gaps. We used path length from anchor to anchor as a measure rather than edge lengths, since floating nodes are common within long gaps. As shown in Figure 2 , parts D and E, the density of reference path lengths versus alternative path lengths is more dispersed for long gaps as compared short gaps. . We next used the CCGG to estimate the number of new bases provided in the CCGG pangenome that differ from the standard mouse reference (GRC38). By new bases, we refer to mismatches and insertions that are not present in the reference assembly excluding Ns. For long gaps we make a conservative approximation of the number of additional bases as the difference in path lengths between alternative and the reference paths, excluding any Ns, since alignments in these regions are typically ambiguous. As shown in Figure 3E , we compared the SDP patterns in terms of reference-genome bases and the new bases. The CCGG represents genome features with overlaid annotations on both shared and private edges. We provide gene, exon, and interspersed repeat element annotations from repeat masker (Smit et al. 2015) on the mouse reference assembly path (B), and annotate their intervals using CIGAR strings (Fig S3) . On average, a gene spans 110 anchor nodes, and an exon interval covers 1.58 anchor nodes. Since anchor sequences are conserved, we expected them to be enriched in genes. We found that 51.57% (4,751,256 of 9,212,137) of anchors fall within or overlap genes (compared to 42.60% of the Mus reference genome length that falls within one or more genes) and 4.55% of anchors (419,369 in 9,212,137) fall into or overlap exons (compared to 2.64% of the reference genome, which is overlaps exons).
The CCGG provides an effective resource for multi-genome comparisons by identifying strain- The overall structure of gene Dusp18 is shown in Figure 4A as an example illustrating conserved and variable genomic regions. A conserved region, which is indicated by the single path between anchor nodes A11.00086609 and A11.00086614 (3,897,406bp -3,897,631bp in GRC38), encompasses the exon ENSMUSE00000682313. A highly variable region of the gene lies between CCGG anchors A11.00086572 and A11.00086576 (3,895,741bp -3,895,921bp ) has 8 distinct haplotypes. We examined all TSL1 annotated transcripts (Kinsella et al. 2011) of genes to estimate the number of distinct founder sub-paths within each. We found 95.94% of genes have multiple paths, suggesting that at least one variant exists in most genes. Moreover, 53.14%
of genes have 8 paths, indicating a distinct haplotype for each founder. In coding region, we found that 44.3 % exons have a single common sequence, suggesting exons tend to be more conserved. However, the 55.69% of exons with multiple haplotypes suggests a substantial number of variants exist within coding regions. Figure 4B illustrates variants in the Gabra2 gene body. A recent study reported a C67BL/6J specific, functional non-coding variants in the Gabra2 gene body (Mulligan et al. 2019 ). The mutation is a single base-pair deletion that became fixed in C67BL/6J between 1976 and 1991.
We examined the CCGG subgraph containing Gabra2 ( Figure 4B ) and found 387 anchors in 
Figure 4 Gene Visualization and Variants Representation in CCGG A)
The genomic structure of Dusp18 is shown. Highly variable regions and conserved regions can be identified in the graph, such as the interval between anchors A11.00086572 and A11.00086576 (3,895,741 -3,895,921bp ) with 8 haplotypes, as well as the conserved coding regions between A11.00086609 A11.00086614 (3,897,406bp -3,897,631bp) in exon ENSMUSE00000682312. B) A C57BL/6J specific functional variant in Gabra2. The B6J specific functional deletion exists between anchors A05.01578094 and A05.01578114. In this gap, the reference path (B, grey box) is private, indicating a B6J specific feature in this region. By further examining the "variants" annotation for each path, a B6J specific deletion can be identified: all other paralleled path have the insertion of "A" in the same region. Another structural deletion in PWK and CAST within the Gabra2 gene body (71,059,388-71,059,864 bp) was reported by Sanger Institute. According to the reported region, we located this deletion between anchor A05.01579089 and A05.01579115 in CCGG. The graph shows that both the PWK and CAST path contain private features and their lengths are significantly shorter than the reference path, which is consistent with the previous report. Overall, CCGG provides an intuitive means for genome structure visualization and comparison.
The Collaborative Cross is a multiparent recombinant inbred strain mouse panel derived from eight founder inbred strains. Each CC genome can be regarded as a mosaic of their 8 founder genomes and the haplotypes were reconstructed by imputation from the genome sequence of the corresponding founder inbred strain. Informative SNP were used to estimate the probability that a given genome region descended from each of the 8 founder strains (Srivastava et al. 2017 ). We annotated the CC paths in the graphical genome based on the founder probabilities determined from the genome sequencing data (see Method). By traversing the inferred founder paths of a CC sample from Srivastava et. al in the CCGG (in both forward and backward directions), we determined the distribution of recombination events per 2Mb interval ( Figure 5A ). We found 7353 total recombination over the entire genome. On average, recombination occur every 358190 bp (roughly 3 per Mb). We found that recombination events were enriched at the end of each chromosome and verified previously reported recombination hotspots and coldspots (Liu et al. 2014; Morgan et al. 2017 ).
We further analyzed the recombination events within annotated functional regions, such as gene bodies. We considered 46036 TSL1 gene regions in all 75 CC strains. We found out 3293 distinct recombination events occurred in the 2108 annotated gene regions in 75 CC strains, 50 of which contain multiple recombination events within a single gene; 96 distinct recombination events occurred in the 90 exon regions involving 82 genes in 50 CC strains. The recombination information within gene and exons is provided in Supplementary Table 5 and 6. As shown in
Figure5, CC078 has a recombination within Rfk gene body around chr19: 17M. We found that CC078 is of type C,129S1/SvImJ (which is indistinguishable from types A, A/J and E, NZO/HlLtJ) at the beginning of this gene, and transitions into haplotype H (WSB/EiJ) by the gene's end. By traversing the graph both directions, we discovered that this transition occurs between anchor A19.00386617 and A19.00386538 (17,397,766 -17,394,211 bp) . We find exons exist both before and after this recombination and a WSB private path exists in an exon (ENSMUSE00000386460), which suggest that the recombination may lead to novel transcriptional isoforms for gene Rfk in CC078. Besides the 96 recombination events that occur within the exon regions, we found 2676 recombination events between exons from different founder strains. These new gene versions may affect the RNA splicing and produce novel isoforms.
Furthermore, recombination hotspots are identified in gene bodies. We find that 639 genes have more than one CC strain recombination within the same gene. As shown in Figure 5C , CC052, CC061 and CC081 have recombination within Amt. Exons exist both before and after the recombination boundaries in these strains, which might lead to gene functional diversity in those CC strains. Besides, five genes, Fgfr2, Gm20388, Osbpl10, Pde4d, and Prkg1 contain more than 10 recombination events in different CC strains. Among them, Gm20388 (4434881 bp) contains the largest number of recombination involving 17 distinct CC strains. These results suggest genes that potentially might express new isoforms in CC population and are interesting targets for further biological exploration.
The recombination within gene bodies can be complex. Several CC strains have multiple recombination events within a single gene body. For example, CC078 transitions from haplotype C (129S1/SvImJ) to A (A/J) and back to C (129S1/SvImJ) within gene Il20ra ( Figure 5D ). We found 50 multi-recombination events within a single gene, occurring in 44 distinct genes. Among them, 13 strains have recombination events impacting more than one gene body, suggesting the genomes of these strains could have more complex gene structure. For example, CC058 has multiple recombination in 4 different genes, including Galnt13, Kif21a, Gm10556, and Slit1.
Multiple recombination within the same gene could lead to novel isoforms and other functional consequences.
Overall, the CCGG provides a novel resource combining genomic data from multiple linear genome assemblies. It enables the exploration of genomic variants and recombination events across different samples. This is of potential interest to be generalized in multi-genomic analysis and comparative study for genomic structure analysis. In this paper, we introduce a pangenome resource for searching, annotating, and comparing genomic assemblies from a widely used mouse genetic reference population, collaborative cross.
It combines 8 founder and 75 CC genomes with 2091 contigs into a single graph representation, which directly captures important genetics aspects such as identity-by-descent, and highly variable genomic regions. Our graph representation introduces a special class of conserved nodes, which we call anchors that organizes genomes into disjoint homologous segments and provides a new framework for labeling genomic regions while maintaining monotonicity, backward-compatibility, and uniformity. It also allows annotations to be placed in multiple genomic contexts and supports incremental updates as the assembly is improved without needing to re-establish all other annotations. The genome of each mouse strain represented in the CCGG can be extracted as classical linear genome and used in the standard bioinformatics pipelines.
The graph structure also provides an effective way for searching, comparing and visualizing genomic features and facilitates the tool chain development for downstream analysis. The properties of graphical genome, such as the haplotype sequence diversity and gap lengths are informative for further biological discovery, including the identification of structural variants and correlation analysis. Combining the inferred CC haplotype with graphical genome facilitates understanding of recombination events and enables the functional analysis of genes beyond point mutations. Lastly, the CCGG is a versatile representation of genomic sequences, and provides a significant space savings.
The CCGG can readily be extended to incorporate new inbred strains and other recombinant inbred lines. For example, by including a single strain, DBA/2J, the utility of the CCGG can be expanded to include nearly 100 additional BXD strains (Taylor et al. 1999; Peirce et al. 2004; Philip et al. 2010 ). The CCGG is also useful for characterizing the Diversity Outcross (DO) population (Svenson et al. 2012) , an outbred population derived from the same set of CC founders developed for their fine-mapping potential.
Overall, CCGG presents a holistic view of sequence diversity in mouse species and provides an alternative genome model for the development of future bioinformatic tools and biological assays. The genomic sequence diversity of the CCGG clearly illustrates that relying on a single linear reference genome derived from a single individual is not sufficient for alignment and reference-specific variants detection, and that multi-strain sequencing need to be applied to reference pangenomes construction to understand the genetic basis of a population. The CCGG proposed in this work contributes for Mus reference pangenome development. It served as a substrate for further sequence content improvement, CC private sequence assembly, and downstream analysis tool-chain development.
We suggest that it is both possible and informative to perform short-read sequence alignments directly onto segments of the CCGG. This could be accomplished efficiently by constructing an msBWT of anchor-edge-anchor extended into flanking edges by some constant amount depending on the maximum allowed read-length. This would allow every read fragment to be mapped to one or more gaps between anchors. The resulting msBWT and FM-index for the CCGG would likely be only slightly larger than a BWT index constructed from a traditional reference assembly. It also is possible to add special edge types into the CCGG representing annotated splice junctions for use in RNA alignments.
The CCGG can also be used for genomic comparisons between CC strains and to further refine the recombination boundaries. The chain of node-edge-node's along a path provides a high-level abstraction of the genome that allows synteny to compare between paths much more efficiently than direct sequence alignments. These descriptions can be compared directly between strains to assess their similarities and differences at a high level. Combining with comparative phylogenetic methods, much informative illustrations for the CC genealogy can be obtained from the graphical genome with multi-sequence assemblies.
We also propose that association mapping methods can be developed using the CCGG to find regions where patterns of genomic variation correlate to phenotypes. Collaborative Cross serves a community resource for genetic analysis of complex traits. Most of genome wide association studies focus on SNPs due to the difficulty of recording and identifying structural variants. The CC graphical genome provides an effective way to identify potential structural variant regions and provide a platform for developing association study at whole genome level.
The sequence content of the draft version of CCGG comes from the 8 founder reference assemblies. However, we expect that CC lines will introduce their private edges in the graph due to de novo mutations that have fixed within a strain. Examples include the deletions reported in (Srivastava et al. 2017) . Moreover, there are many unresolved genomic regions, represented by runs of N's, in the 7 new assemblies from Lilue et al. 2018 , where the CC sequence data provides significantly more power to resolve. On average, there are more than eight CC strains representing each of the eight founders at every place in the genome. This is equivalent to more than 160x genomic coverage, from biological replicates, which should greatly reduce the impact of private variants from any one sample. Furthermore, the genomic assembly process is greatly simplified by the inclusion of anchor sequences that serve as seeds for local assembly tasks.
On the other hand, much of the X and Y chromosome sequences are repetitive (Mueller et al. 2008 ). The natural implication from this fact is that there will be less anchor nodes in the X and Y chromosome. For chromosome X (171031299 bp), the number of anchors is 89.5% less than the comparably sized chromosome 2 (182113224 bp) ( Table 1) . As shown in Figure. 2B, the cumulative distribution of anchor distances on X is significantly different from the distribution in autosomes. These results suggest that chromosome X has relatively longer edges than autosomes.
The released versions of the new genome assemblies from (Lilue et al. 2018) do not even include sequence for Y. Thus, we constructed a draft chromosome Y graph using unique 45-mers present in all male CC samples. We constructed a single edge separating each pair of anchors. These edges are currently shared on all paths and are populated with sequence from the mouse reference assembly. It stands as a draft for future work on assembling better models for Y in CC strain genomes. 
Sequence content and 45-mer occurrence matrices
The sequence contents of CCGG were constructed by merging the standard mouse reference (Mouse Genome Sequencing et al. 2002; Church et al. 2009 ) with de novo assemblies of the 7 inbred mouse genomes assembled by Lilue et al. 2018 (Lilue et al. 2018 . The first stage of the CCGG's construction focused on identifying a set of conserved and unique sequences to establish a set of genomic anchors. This began by constructing Multi-string Burrows-Wheeler Transforms (msBWTs) for all lanes and pair ends of the Illumina read sets from (Srivastava et al. 2017 ) (Srivastava et al. 2017 ) and (Keane et al. 2011 ) using the package from (Holt et al. 2013) . Next, an occurrence-count matrix for every non-overlapping 45-mers from the standard mouse reference in each of the 69 sequenced CC samples reported in Srivastava et al. 2017 and 8 additional CC samples from Shorter et al. 2019 .
Annotation
The annotations in CCGG include genes, exons, repeat masks, variants and CC hyplotytes. The start and end coordinates of gene and exon intervals of TSL1 transcripts in the mouse reference genome were obtained from Ensembl Biomart (Kinsella et al. 2011) . The repeat-masker intervals for the standard mouse reference were obtained from http://www.repeatmasker.org/. The variants annotation was obtained by aligning the parallel alternative sequences to the reference path using the same end-to-end scoring function in Bowtie2 (Langmead and Salzberg 2012) . The CC haplotypes were previously inferred from CC sequencing data using forward-backward hidden Markov model (Srivastava et al.2017 ) and the annotation was added by viewing CC genomes as a mosaic of their 8 founder sequences. Overall, 46063 genes, 726152 exons, 5700130 repeatmasker regions and variants were annotated and approximate genomes for 75 CC strains based on their haplotype annotations were provided.
Compression
CCGG was compressed by adding floating nodes within gaps where any path between anchor pairs exceeded 1000bp. We partitioned the sequences in those long gaps into non-overlapping 45-mers (in the case where sequence lengths are not multiples of 45 bp, we allowed for overlaps in the middle). Each 45-mer is assigned with a unique index based on its sequence content.
Based on these indices, we were able to find shared 45-mers among parallel edges. We merged consecutive shared 45-mers and inserted floating nodes at the beginning and the end of the shared sequences. The floating nodes themselves don't carry any sequence content or annotation, so the compression was achieved by merging sequences between floating nodes. 
